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ABSTRACT

The Caetité Experimental Basin (CEB), located in the semi-arid region of Northeastern Brazil, faces not only
the challenges associated with water scarcity but also the potential contamination processes due to mining
activity. The only active uranium production center in Brazil (URA) is located in this watershed and the
sustainability of mining and milling operations, as well as the survival of the local community, is highly
dependent on the availability of groundwater resources. This paper analyzes the stable isotopes variation of
Deuterium (?H) and Oxygen-18 (*%0) in CEB’s groundwater to investigate its dynamics and mixing of water
sources as part of initial efforts to characterize the hydrogeology of this area for future contamination and
recharge studies. Measurements of °H, 880, total dissolved solids (TDS), pH, and electrical conductivity (EC)
were carried out in water samples from 27 wells. A total of 98 groundwater samples were analyzed during the
dry and wet seasons from 2012 to 2014. All the groundwater samples plotted below the local meteoric line
toward more enriched 380 values, an indicative of evaporation process. H and ‘0 data suggests that the main
source of groundwater recharge is local precipitation and there is no mixing of infiltrating rainwater with older
groundwater. These results provide evidence that the aquifer system in the CEB has a relatively fast turnover
time, which contribute to the vulnerability of the aquifer to contamination. These findings are corroborated by

the low TDS and EC values indicative of short time in water-rock interaction.
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1. INTRODUCTION

Mining and mineral processing operations have the potential to impact the environment especially
when operational best practices are not used [1]. This situation is aggravated in the case of uranium
mining where radiological risk is added. Several studies have shown that the groundwater is one of
the environmental compartments most threatened of contamination due to mining and milling
activities [2, 3, 4, 5, 6, 7]. These impacts are not only limited to water quality, but also to changes in
the local hydrogeological pattern, since mining is a large industrial water use. The reduction of the
groundwater level caused by over-abstraction has become a frequent problem in mining areas
mainly in (semi-) arid regions where surface water is not abundant, and the water supplies must be
obtained from groundwater [8].

The Caetité Experimental Basin (CEB) located in Bahia, a state in the northeastern region of Brazil,
faces this problem since 2000 when the Uranium Concentrated Unity (URA) started its operation.
The URA, operated by the Nuclear Industries of Brazil (INB), is the only uranium mining and
milling facility in activity in Brazil and it was set up to run for 16 years [9].

There is an increasing debate over competing water interests between the local community and the
mine operator, due to either water scarcity or radiological contamination risks.

Due to the semi-arid climatic conditions, the rivers are not perennial, and the local population is
highly dependent on groundwater, which is provided by a hard rock aquifer (HRA) [10]. In this type
of aquifer, the occurrence and pattern of water rely on the existence and degree of fracturing, as the
water is stored and transmitted through crevices, joints and fractures [11, 12, 13]. Groundwater flow
and storage in this area have always been a major issue due to its abundant heterogeneity and
anisotropy, with an irregular distribution of groundwater pathways.

Studies of groundwater dynamics in HRA are very challenging because the classical extrapolations
of local transmissivity values (obtained for example by pumping tests) are not suitable, since
permeability may vary considerably from a place to another according to the width of fractures,
their density, their spatial distribution and their degree of interconnection [11]. However, these
studies are paramount, due to the increasing need of water to supply in urban centers and rural
areas, especially in Brazil case, where the crystalline terrains that constitute the HRA constitute an
area of about 4.6 million km?, corresponding to 53.8 % of the national territory [14].

Although the understanding of water dynamics is the main requirement for assessing recharge and
pollution risks, there is still insufficient knowledge on these basic characteristics in CEB. Most of

the studies in this area have focused mainly on safety analysis conducted by the operator of the
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nuclear installation [15, 16, 10] or on radiological characterization and environmental impact
assessment from the mining and milling activities [17, 18].

In this context, isotope techniques are effective tools for hydrological evaluation. Stable and
radioactive environmental isotopes have been used for more than four decades to study hydrological
systems and it has been proved that they are particularly useful for understanding groundwater
dynamics [19, 20]. These tools have been applied to identify sources and mechanisms of
groundwater recharge [21, 22, 23, 24], and interactions between surface and groundwater [25, 26].
The most widely used isotopes in hydrogeochemistry are the stable isotopes deuterium (2H) and
oxygen-18 (*80), ideal for tracing water movement as they are components of the water molecule
itself [27, 28]. Especially under the arid and semi-arid conditions, isotope techniques constitute the
best approach for identification of groundwater recharge, as well as to trace the pathways and
identify the source and fate of pollutants in contamination studies [29, 30, 31].

Due to lack of information about the dynamics of water on this watershed and the complexity of
evaluating the water flow in fractured aquifers this study aims to analyze the variation of °H and 80
to isotopically characterize groundwater to gain insight on its flow regime and in this way support
the water management at the CEB.

This study will contribute to establish foundational data for future water supply assessment, and
contaminant studies at the CEB. Such information is crucial to understand the source of pollutants,

assess their scale and migration, and to plan remediation if necessary.

2. STUDY AREA

The Caetité Experimental Basin (CEB) was defined taking into account the potential sources of
pollutants from the nuclear installation (Fig. 1). The Uranium Concentrate Unity (URA) is located
in the center-southwestern region of Bahia state (13°56°36”S and 42°15°32”W), 40 km from the
municipality of Caetité. The area of the CEB (c.a. 75 km?) is drained by the Vacas stream, which
belongs to the Fundo stream basin, one of the tributaries of Contas River, which is one of the main
hydrographic basins in the state of Bahia. For the purpose of this paper, the CEB is composed by
the Vacas stream and three sub-basins: Cachoeira, Cercadinho, and Engenho (Fig. 1).
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Figure 1: Location of the Caetité Experimental Basin (CEB), with a highlight on the groundwater
sampling points and the main source terms of the installation (open-pit mine, waste deposit, and the
industrial plant).
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The climate is classified as semiarid tropical (Bsh) with an average annual rainfall of 800
millimeters. The monthly average maximum of 131 mm occurring in summer (November-January),
while in winter (June-August) the rainfall rate is few millimeters. The annual average temperature
at CEB is 20°C, with average July and November temperatures of 16.7°C and 22.3°C, respectively.
The estimated potential evapotranspiration ranges from 44.6 to 103.3 mm, and during the dry
season (March-October) it is higher than the rainfall rate [32].

The surface drainage channels are tectonic fault controlled, and the creeks are ephemeral existing
only for a short period following the precipitation.

The main economic activities of the local community at CEB comprise livestock and subsistence
farming, highly dependent on to water resources.

The hydrogeologic setting of the study area comprises the Lagoa Real Complex (LRC) constituted
by 1.7 Ga granitoids that occur along the Paramirim valley, formed by the S&o Timoteo Granite and
a set of alkali-gneisses that were crystallized during a compressional sin-metamorphic deformation

episode. The geology of the region has been investigated in detail in previous studies [17, 33, 34,
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35]. The uranium mineralization is associated with albites (NaAlSigOg) that are enclosed in the
gneisses and granites of the LRC. Thirty-eight anomalies were identified in an area of about
1200km?, but only one is being explored by INB [10].

It is estimated that approximately 200 families live in the CEB, and groundwater is used by the
population not only for human consumption (including drinking water, cooking, and bathing) but
also for animal watering and crop irrigation.

The main aquifer system mapped in the CEB is located in the central portion of the Vacas stream
associated with intrusion of a diabase dike. This fractured and semi-confined aquifer is the primary
source of water supply, and its exploitation is carried out intensively to provide water to the facility
(URA) and the local population [10].

To face the water scarcity, the mine operator constructed dams and small reservoirs dug in
riverbeds, and drilled the majority of the wells in the CEB. These wells are used for industrial (or
monitoring) purposes or human consumption or both depending on the location, productivity, and
water quality. Not all wells are under pumping regime, and some of them are dry since opening or
are being depleted probably due to water abstraction. For that reason, only 27 boreholes divided in

shallow wells (from 15 to 36 m) and deep wells (from 40 to 90 m) were considered for this study.

3. MATERIALS AND METHODS

3.1. Sampling and analytical methods

A total of 102 groundwater samples from 27 wells were collected from 2012 to 2014 distributed in
5 field campaigns covering dry seasons (July 2012, June 2013, and September 2014), and wet
seasons (December 2012 and November 2013). In order to compare the seasonal effects on the
isotopic composition, samples were collected whenever possible in the same locations for all
campaigns.

The collection procedure included purging until pH, EC and temperature of the discharge water are
observed to stabilize, followed by on-site water filtering using 0.45 um filter, and storage in PTFE
bottles. After collection, the samples were protected from sunlight and stored under cool conditions
before their chemical and isotopic analyses. The field parameters pH and Electrical Conductivity
(EC) were measured in situ using an MANTA2 EUREKA multiprobe.

The methods used in this study for obtaining field parameters and water sampling, followed the

standard protocols from the International Atomic Energy Agency - IAEA [36].



Aradjo, et. Al. ® Braz. J. Rad. Sci. ® 2017 6

Total dissolved solids (TDS) were calculated using Aquachem software (Waterloo Hydrogeologic

Inc.).
3.2. Isotopic Measurements

The stable isotopes analyses were performed at the IAEA Isotope Hydrology Laboratory in Vienna,
with an accuracy of 1 %o for °H and 0.1%. for §'80 using the Liquid Water Isotope Analyzer
(LWIA).

The results of the 18-oxygen and deuterium were expressed as a relative difference between the
isotopic ratios (*30/*%0 or 2H/*H) of the sample and the isotopic ratios of the Vienna Standard Mean
Ocean Water (V-SMOW) as defined below:

Rsam e R andar
5Rsample = ( T:IQ ik d]
Standard (eql)

Where R is the abundance ratio of the isotopic species (i.e., 2H/*H or 0/*®0), and the values are
represented by 580 and §2H respectively. Since § is usually a small number, it is given in %o (per
mil) [27].

The results of §°H and 580 were analyzed through a diagram plotting §°H versus 520 relative to
the V-SMOW.

The relation between §*30 and &%H in precipitation is usually described by the Global Meteoric
Water Line (GMWL) developed by Craig [37] and defined as:

52H =850 + 10 (eq. 2)

Later, this relation (eq. 2) was updated using data from 219 stations from Global Network of
Isotopes in Precipitation (GNIP) [38]:

§°H =8.25'%0 + 11.27 (eq. 3)

This updated GMWL equation (eqg.3) was used in this study as a baseline to compare the isotopic
composition of groundwater.

The linear coefficient, which is called “deuterium excess” (d), was used to assess the non-
equilibrium conditions during the evaporation.

The GMWL is an average of many local or regional water lines that differ from the global line as a
result of climatic and geographic factors, thus for local investigation, it is important to compare
samples data with a Local Meteoric Water Line (LMW.L). Factors as the origin of the vapor mass,
secondary evaporation during rainfall and seasonality of precipitation can affect both slope and
deuterium interception and produce different LMWL at different locations [27].
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The LMWL of the study area was built based on the Brasilia GNIP monitoring station (BMWL),
with 98 samples, monitored from 1965 to 1987 [39] since we do not have isotopes measured in
CEB precipitation. The Brasilia station is located at 652 Km from Caetité under similar climatic

conditions.

3.3. Statistical analyses

Student’s t-test and nonparametric Mann—Whitney Rank Sum tests [40] were performed to test the
significance of the difference between mean values of the parameters §'20, 6°H, EC and TDS for
seasonality and well depth, and to test differences between sub-basins. The sub-basins were paired
as follows for the statistical testing: Cachoeira vs Cercadinho (CCe), Cachoeira vs Vacas (CV),
Cachoeira vs Engenho (CE), Cercadinho vs Vacas (CeV), Cercadinho vs Engenho (CeE), and
Engenho vs Vacas (EV). The data was split into dry and wet season sub-sets for the statistical
analysis.

Since parametric tests only apply to samples with normal data distribution, normality tests were first
performed to determine whether parametric or non-parametric tests should be used. The normality
assumption was verified for all dataset using Kolmogorov-Smirnov or Shapiro-Wilk tests [41]. For
all tests a 95% confidence interval and a threshold of p < 0.05 was used to define statistical
significance. All statistical analyses were performed using SPSS 20.0.

Only the wells that had samples collected in both periods (wet and dry) were considered.

4. RESULTS AND DISCUSSION

4.1. Physicochemical parameters

The statistical summary of physicochemical and isotopic data is presented in Table 1.

Groundwater in the study area is slightly acidic to alkaline with pH ranging from 6.0 to 7.4, with a
median value of 6.65. In the absence of iron sulfide minerals, the pH values in groundwater vary
between 6.5 and 8.0 and more rarely between 5.5 and 8.5 [42]. No specific trend in pH values was
observed within the CEB or in each sub-basin.

The total dissolved solids (TDS) concentration in the study area ranges from 186 to 2415 mg/L with
a median value of 607. Most of the samples (85%) fall under a fresh type of water (TDS <1000

mg/L) based on groundwater categorization proposed by Freeze and Cherry [43]. As a general
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trend, the highest values were found near the surface. The median TDS values in the shallow well
(depth up to 36 m) was significantly higher than the deeper wells (825 vs. 594 mg/L, U = 1145.50,
p=0.002). Statistically significant differences were also observed between wet and dry seasons (651
vs. 558, Z=-3.42, p= 0.001). The distribution of TDS data can be observed in Fig. 2.

Figure 2: Box plot showing TDS and EC values for the deep and shallow wells (a, b); and for dry
and wet seasons(c, d). The boxes represent the interquartile range, with the black line across each
box indicating the median value.
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Several hydrochemical processes can change the dissolved solids concentration in groundwater
including the movement of water through the pores or fractures in rocks, evapo-concentration
processes and anthropic contamination [44, 45]. The highest TDS values found in some wells of

CEB, and considered as outliers in the boxplot of Fig.2a, could be related to the evaporation of
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rainwater in the infiltration process through the unsaturated zone (PC-020), percolation of
groundwater across mineralized zones (PC-001) or even associated with contamination events from
uranium mine (LR-276 and PC-113).

The relatively low TDS values found in CEB suggest a short residence time of the groundwater in
contact with the granitic and gneissic rocks that form the aquifer. Similar situation was found in
alluvial aquifer of the Modder River catchment in Southern Africa located in a semi-arid area,
where the high hydraulic conductivity associated with the non-saline aquifer materials (gravel-sand)
led to a groundwater with low concentration of dissolved solids [46].

The groundwater samples showed a low to high ion content, with EC ranging from 157 and 3546
uS/cm with a median value of 730 pS/cm. Based on the electrical conductance classification
propose by Sarma and Swamy [47], most of the groundwater in CEB (83%) shows medium
conductivity with samples related to the type I (EC 500-1000 uS/cm — 59%) and type Il (EC 1000-
3000 pS/cm — 24%).

The good correlation (r?= 0.95) between the TDS and EC was expected due the low concentration
of salts in the groundwater of the study area (Tab.l), making this relationship straightforward
[48].The differences seen in the median value of EC between dry and wet seasons were statistically
significant (731 vs. 742 uS/cm, Z=-2.19, p=0.029), as observed for the TDS parameter.

The highest values for both TDS and EC were found at Cachoeira sub-basin ranging from 466 to
2415 mg/L and from 572 to 3546 puS/cm, respectively, reflecting processes of weathering associated
with the mineralized zones in fractured terrain and the impact of the mining activities (Fig. 2c and
2d).

The high values of TDS and EC found in the deepest well of the study area (PC-020) suggest that
the fracture system may be playing an important role in the mixing of surface and underground
waters (Fig. 2a). The PC-20 with 90 m depth and 2 mapped fractures, is placed in gneiss of the
Cachoeira sub-basin.

Love et al [49] in their studies in a fractured aquifer at Clare Valley, Australia, observed step-like
changes in EC between 300-1500 uS/cm occurring over vertical distances of only 1-3 meters, and

concluded that these represent locations of major groundwater inflow to the bore via fractures.
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Table 1: Mean isotopic values and physicochemical parameters from 27 sampled wells distributed in dry and wet season (2012 to 2014).

380%o 3°H%o EC uS/icm pH TDS mg/L

Site  Well  Depth n Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet
m D W mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD
LR-276 15.2 1 2 -2.22 - -2.65 0.02 -15.70 - -15.99 0.79 2262 - 3127 420 6.3 - 6.4 0.1 1582 - 2086 330
© LR-280 19.2 1 1 -4.05 - -3.94 - -24.40 - -21.59 - 1223 - 1423 - 6.8 - 6.8 - 978 - 1075 -
'aO_J PC-001 54 3 2 -3.16 028 -3.17 006 -1759 134 -1743 062 1393 237 1878 21 66 03 64 0.1 919 229 1399 27
‘(;% PC-018 36 1 2 -2.47 - -2.69 0.39 -16.40 - -13.95 6.45 572 - 1435 29 6.9 - 6.6 0.0 466 - 1048 39
O PC-020 90 3 2 -356 020 -346 0.16 -20.52 0.89 -19.80 0.24 1542 244 1516 185 64 01 65 01 922 213 1061 109
PC-113 54 1 1 -3.35 - -3.34 - -19.32 - -18.85 - 3025 - 2757 - 6.4 - 6.3 - 1822 - 1870 -
PC-034 36 3 1 -4.10 0.02 -4.14 - -23.52 0.39 -22.96 - 952 46 986 - 68 00 6.6 - 742 92 966 -
2 PC-040 70 1 1 -4.18 - -3.92 - -24.64 - -23.39 - 633 - 624 - 6.8 - 6.7 - 551 - 562 -
é PC-077 50 3 2 -391 017 -391 0.07 -2263 0.63 -21.94 0.74 751 33 722 35 69 01 68 0.0 592 76 642 37
o PC-127 nd 1 2 -4.15 - -4.14 0.38 -24.70 - -24.85 1.12 435 - 596 1 6.8 - 6.6 0.0 459 - 539 67
PC-129 52 3 2 -4.28 039 -354 0.04 -2510 196 -23.06 0.78 423 27 455 3 70 01 65 05 341 87 394 45
PC-002 67 3 2 -402 008 -398 0.06 -2387 066 -23.27 0.15 743 66 781 56 72 02 70 0.0 504 91 578 -
PC-005 30 2 1 -2.71 015 -1.77 - -1796 136 -16.01 - 791 51 771 - 68 01 6.7 - 619 94 504 -
PC-010 30 1 1 -2.14 - -1.10 0.05 -15.04 - -10.30 0.44 880 - 884 10 6.7 - 6.8 0.3 741 - 803 27
” PC-024 48 2 1 -3.63 0.19 -3.83 - -22.77 0.06 -23.15 - 1170 111 1119 - 69 00 638 - 984 19 975 -
§ PC-033 40 1 2 -2.90 - -3.33 0.03 -17.20 - -1990 0.08 1053 - 1124 52 6.9 - 6.8 0.0 942 - 1042 81
> PC-045 60 1 1 -3.29 - -2.80 - -20.20 - -19.53 - 926 - 951 - 6.8 - 6.7 - 793 - 861 -
PC-052 70 3 2 -390 030 -381 0.27 -23.41 176 -23.13 0.66 922 125 846 23 68 01 69 01 682 42 690 2
PC-112 60 2 2 -4.01 049 -3.72 - -24.08 258 -22.00 - 263 76 334 - 64 00 6.3 - 276 50 301 -
PC-122 54 1 2 -4.20 - -4.17 0.22 -24.30 - -23.61 0.25 438 - 485 15 6.5 - 6.4 0.0 429 - 460 8
PC-Bar nd 2 2 -408 011 -3.88 0.08 -2461 050 -23.02 094 613 38 562 44 66 00 65 0.1 497 18 497 24
o PC-042 50 3 2 -3.83 020 -3.75 0.01 -2050 151 -1935 040 674 56 685 8 6.7 01 6.7 0.0 566 20 620 39
< PC-043 60 3 2 -360 026 -345 005 -19.39 130 -19.81 0.57 626 83 703 17 66 00 65 0.0 507 16 631 29
'-g PC-050 60 1 1 -3.64 - -2.91 - -19.70 - -18.40 - 659 - 727 - 6.8 - 6.8 - 619 - 509 -
© PC-051 66 3 2 -411 019 -398 0.15 -2395 153 -2511 043 675 49 673 34 66 00 6.6 0.0 528 32 490 154
&3 PC-054 50 1 2 -3.58 - -290 0.57 -20.40 - -17.85 157 687 - 745 53 6.6 - 6.6 0.0 606 - 669 31
PC-059 60 3 2 -418 005 -359 022 -2440 031 -2332 092 718 38 699 25 66 00 67 0.1 502 39 607 1
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4.2. Isotopes in Groundwater

The 880 and &°H composition in groundwater samples ranged from -4.69%o to -1.04%o and from -27.65%o
to -7.50%0 (Fig.3a and 3b) with mean values of -21.23%. and -3.59%o., respectively. The most enriched
isotopic values were found at Vacas sub-basin in two shallow wells (both with 30 m): PC-010 (-1.04%o for
5180 and -10.74 %o for 6°H) and PC-005 (-1.77%o for 580 and -16.01%. for §°H). Such enriched values can
be related to the infiltration of evaporated water from the surface since these wells are under influence of the
INB water dam, but also to the evaporative enrichment during the infiltration of rainwater by the unsaturated
zone.

The importance of the unsaturated zone in changing the groundwater isotope composition can be observed

in enriched values found in shallower wells (15.2 to 36 m) when compared to deeper wells. The shallow
wells values ranged from -4.14%o to -1.04%o for 580 and from -24.40%. to -7.50%. for & 2H. While in deep
wells, these values ranged from -4.69%o to -2.33%o and from -27.65%. to -16.28%o for & 130 and & H,
respectively (Fig. 3a and 3b). Statistical tests showed that the median values for § 30 and & H were
significantly higher in shallow wells than in deep wells (-2.65 vs. -3.81%o, U = 1111.5, p=0.002 for §'80 and
-16.69 vs. -22.47%o, U=1139.0, p=0.001 for 5 2H). However, the shallow well LR280 (19.2 m) located at
Cachoeira sub-basin showed depleted mean values for 180 and ?H (-4.00%. and -22.98%o), close to the
weighted average Brasilia rainfall (-4.27%o and -24.27%o). Although several studies have highlighted the
influence of unsaturated zone on the isotope enrichment by evaporation of the infiltrating water during the
recharge process [50, 51,52,53], the higher isotopic values found in most deep wells and at LR280, is
probably due to a faster infiltration by preferential paths (macropores or fractures). Thereby the short
residence time in the unsaturated zone causes the water be poorly or no evaporated, thus the rainfall isotopic
signature is preserved in these wells.

In agreement with others studies in arid and semi-arid regions [54, 55, 56], seasonal fluctuations were
observed in stable isotope values. The samples collected in dry season ranged from —4.69%o to —2.14 for
5180 and from—27.65%o to —15.04%o for 5°H, while in the wet season, these values ranged from —4.52%o to —
1.04 for 580 and from —25.97% to —7.50%o for 52H. Paired tests for wells indicated that the median values
for § 80 and & 2H were significantly different (-3.84 vs. -3.58%o, Z = -2.64, p=0.008 for 5'80) and (-22.50
vs. -21.20%o, Z=-3.17, p=0.002 for & 2H) for dry and wet season.

Although we expected higher isotopic values in dry season, the results which were more enriched found in
the wet season can be related to the long transit time of the infiltration water by loamy soils creating a time
lag until this water reaches the aquifer and produces changes in the isotopic composition of the groundwater.
Another possible explanation would be the mixing of more evaporated waters (longer residence time) with

fresh rainwater in the unsaturated zone, which during the rainy season could be carried to the aquifer.
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The isotope composition of groundwater for sub-basin collected in dry and wet season are illustrated in the
Figures 3c and 3d. As a general trend, the Cachoeira sub-basin showed the highest isotope contents.

As seasonality has a great influence on the isotopic composition of the groundwater, the sub-basins were
analyzed in dry and wet seasons separately. Two pairs showed distinct behavior in dry and wet season in
relation to 680 mean values: Cercadinho vs.Cachoeira (they showed different mean values in the dry season
but in the wet season the mean values were statistically similar) and Cercadinho vs. Engenho (similar mean
values in the dry season and different mean values in the wet season). In relation to 8°H, another two pairs
presented different behavior: Vacas vs.Cachoeira (The median values were different in the dry season and
similar in the wet season) and Vacas vs. Engenho (similar mean values in the dry season but different in the
wet season). The results of the statistical tests are presented in Table 2.

Figure 3: Box plots showing 630 and 6°H values for Deep and Shallow wells (a,b) and samples collected
in dry and wet period (c, d) at Cachoeira (C), Engenho (E), Cercadinho (Ce) and Vacas (V) sub-basin.
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Table 2: Statistical results from comparison between sub-basins in dry and wet season

Dry season Wet season
Sub-basin t p n toruU p n
3180 Cachoeira vs. Cercadinho 3.64 0.001 24 1.658 0.114 21
Cachoeira vs. Vacas 1.61 0.120 28 5.850* 0.16 28
Cachoeira vs. Engenho 4.43° 0.001 21 3.909 0.001 18
Cercadinho vs. Vacas -1.52 0.141 32 -0.617 0.544 27
Cercadinho vs. Engenho 1.897  0.070 25 2132 0.048 19
Engenho vs. Vacas -2.81 0.009 29 -2.146  0.044 24
S?H Cachoeira vs. Cercadinho 2.55 0.018 24 2.600 0.040 21
Cachoeira vs. Vacas 2.51 0.019 28 36* 0.107 28
Cachoeira vs. Engenho 5.12° <0.001 21 3.882  0.001 18
Cercadinho vs. Vacas 0.288 0.776 32 -0.255  0.801 27
Cercadinho vs. Engenho 2.48 0.021 25 2.138 0.047 19
Engenho vs. Vacas -2.05 0.051 29 -2.290 0.033 24

* U — Mann-Whitney test. In bold, the pairs that showed distinct behavior in wet and dry season

Figure 4 shows the comparison made between the data obtained for 8°H and &80 in the groundwater
samples with the global (GMWL) and local (BMWL) meteoric lines. This figure includes all the data
obtained considering the two seasons (dry and wet). Despite the wide range in the isotopic data, it was not
possible to identify clusters.

The relationship of the 5?H and 520 contents in precipitation depends on the history of the air masses [37].
In our case, the BMWL (82H =7.94 § 80 + 12.67) was plotted above the GMWL (5 2H = 8.2 § 180 + 11.27),
reflecting the evaporation of the local meteoric waters producing water vapor depleted in isotopes, which
could condense before reequilibrating with atmosphere and produce a depleted rainfall [38, 57]. These
precipitations originate a meteoric line with a linear coefficient (deuterium excess) higher than the GMWL

[58] as observed in our study case.
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Figure 4: Plot of &’H versus 60 showing the LEL of groundwater, compared to the BMWL and GMWL.
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All the groundwater samples plotted below the BMWL and only few samples are situated slightly above the
GMWL indicating an isotopic signature near to rainfall. The samples that plotted below the GMWL are
clearly evaporated and presents a gradual enrichment in §°H and &80, providing a local evaporation line
(LEL) with a slope lower than the GMWL (Fig.4). The decrease in the LEL slope can be explained by the
isotopic enrichment that occurs during the process of evaporation [59, 60]. This is due to the differences in
the vapor pressure between 2HH0, H,80 and 'H,*0, leading to kinetic and thermodynamic isotopic
fractionation, which could change the relationship between §°H and §'80 values in the remaining water and
in the vapor phase [27, 37].

The groundwater evaporation line for CEB was defined as 5°H = 4.7958'80 — 4.02 (r2 = 0.825) (Fig.4), and it
is in good agreement with the typical LEL slope (ranging between 4 and 7) for groundwater, depending on
local atmospheric conditions [60]. This behavior would be expected due to the high potential
evapotranspiration (920 mm per year) found in the CEB, low relative humidity, and slow infiltration rates
through the unsaturated zone.

The less evaporated samples presented isotopic composition close to the weighted average of Brasilia
precipitation (4.62%o 630 and 23.95%. &%H), with the isotope data evolving along of the LEL as the water
became more evaporated (Fig.4). This behavior suggests that the main source of groundwater recharge

(before evaporation) is the local precipitation and the evaporation seems to be a major mechanism in
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changing the groundwater isotopic composition. These findings indicate that there is no mixing of
infiltrating rainwater with older groundwater, suggesting that the aquifer system in the CEB has a relatively
fast turnover time. These results are in accordance with the TDS and EC data: a low mineralization in most
samples is probably due to a short residence time of water (implying in a short time of water-rock
interaction), indicating a fast recharge mechanism. Although a fast recharge is desirable in places where
water resources are widely exploited, on the other hand, the vulnerability of the aquifer to contamination is
related to how long it takes to groundwater be recharged. This dynamic flow system associated with a
preferential flow through fractures increases the rate at which contaminants could move to deeper

groundwater, consequently increasing the aquifer vulnerability to contamination.

6. CONCLUSIONS

Pollution of aquifers by anthropogenic contaminants and water abstraction are the great concern in
management of water resources at mining sites, especially in semi-arid regions. Environmental isotopes can
be an important tool used to estimate water balance and to trace the pathways of pollutants in aquifers and
predict their spatial distribution and temporal changes.

The present study examined variations in groundwater isotopic composition in the Caetité Experimental
Basin, in order to have insights on the water dynamics in a uranium mining site.

All the parameters studied (880, §°H, EC and TDS) exhibit seasonal effects in most of samples, but
unlikely expected, the highest values are obtained in samples collected during the wet season. It is probably
related to the rainfall percolation through the unsaturated zone by a piston-flow carrying the soil water more
evaporated, thereby increasing the parameters values.

The higher values for physicochemical and isotopes data observed in shallow wells are more influenced by
the processes occurring in the unsaturated zone, while in deep wells, the preferential flow through
macropores or fractures seems to be the principal factor contributing to recharge.

A general trend of higher values for all parameters is observed in the Cachoeira sub-basin. However, the
highest isotopic values are found in two wells located at Vacas sub-basin. The contribution from surface
water cannot be discarded in this case, as these wells (PC010 and PC005) are located close to a water dam.
These punctual values suggest that some mixing with this evaporated surface water probably occurred.

The groundwater evaporation line intercepts the GMWL close to the value of the weighted average Brasilia
rainfall, reflecting a meteoric origin, with the evaporation being the key process in modifying the isotopic
composition of these waters.

These results provide evidence that the main source of groundwater recharge is recent precipitation without
mixing of infiltrating rainwater with older groundwater. These findings are in agreement with the low TDS

values, which indicate a short time of water-rock interaction.
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Finally, the physicochemical and Isotope results point to a fast turnover of this system, which causes this
aquifer more vulnerable to contamination from activities in the land surface, as the contaminants could move
and quickly reach the aquifer.

The combination of physicochemical data and isotope techniques showed to be an useful tool to provide key
information on these water resources, as well providing broader insights into aquifer characteristics and

hydrological processes.
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